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1. Molecular Mechanisms in Decorticated Rats

i.[*HJHemicholinium binding autoradiography: restoration studies

The interruption of the corticostriatal pathway by undercutting the frontal
cortex resulted, after two weeks, in a 40% reduction of basic cholinergic
processes such as ACh release in vivo and sodium-dependent high-affinity
choline uptake (SDHACU) (see previous Reports). The depression of
cholinergic function in deafferented striatum has been demonstrated also by the
evaluation of [*H]HCh-3 binding to SDHACU sites, determined biochemically in
tissue homogenates, or by autoradiography in brain sections. We have also
reported that using appropriate drugs such as choline, the ACh precursor, or
oxiracetam, a typical nootropic compound, it was possible to promote the
recovery of both basic cholinergic function and pharmacological responses to
different agonists. Thus, we have tested the ability of oxiracetam (OXI) to
restore, in a neuroanatomical context by autoradiography. the normal density of
[*H|HCh-3 binding sites in deafferented striatum.

The autoradiographic distribution of ["I1JHCh-3 binding sites has been
evaluated according to Lowenstein et al (1987). The rats were decapitated and
the whole brain was removed and rapidly frozen in N-pentanc at -20-25 °C .
Coronal and sagittal sections were cut at -20°C in a cryostat and thaw-mounted
onto acid-cleaned gelatin coated slides. The slides were incubated with 10 nM
[*H]HCh-3 for 30 min at room temperature in 50 mM glycylglycine buffer pH
7.8 containing 200 mM NaCl. Non-specific binding was determined in adjacemt
sections processed in the same manner except that 10 uM unlabelled HCh-3 was

added to the incubation medium. After dessication. the slides were exposed to




tritium-sensitive film "Hyperfilm" (Amersham, UK) for four weeks and
developed using a standard technique; tritiated microscales (Amersham) were
coexposed. Quantitative autoradiographic analysis was done with a RAS 3000
Image Analysis System (Loats System, U.S.A.).

Digitized images of the [*’H]HCh-3 binding dist-ibution in coronal sections of
bilateral deafferented rats treated with OXI are Illustrated in Fig 1. A substantial
decrease of autoradiographic signal of [*H]HCh-3 binding was seen in striata of
bilaterally deaffcrented rats compared to the sham-operated rats; no changes
were noted in other structures. In sham-operated rats, OXI did not alter the
distribution of [*'HJHCh-3 binding sites in either striatum or accumbens. but in
deafferented rats the treatment with OXI appeared to restore the normal
distribution ot [*H|HCh-3 binding sites.

The autoradiographic distribution of [*H1]HCh-3 binding sites in sham-operated
or decorticated rats treated with OXI was quantified by image analyser (Tabile
1). Brain coronal sections, which included the anteromedial part of the
caudate-putamen and the accumbens-tubercle olfactorium region, were analyzed.
As previously shown, bilateral deafferentation produced a decrease (22%) in the
[*HJHCh-3 binding sites in the anteromedial portion of the striatum. No changes
were detected in the posterior part adjacent to the globus pallidus or in the
accumbens-olfactory tubercle region. In sham-operated rats OXI did not
significantly alter the density of [*H|HCh-3 binding sites but there was a slight
increase in the signal in the limbic area. In deafferented rats. the nootropic drug
overcame the effect of the leston and even produced a significant increase -15%-
in striatal [*"HJHCh-3 binding sites compared to sham-operated animals. Similar
trend was scen also considering only the latecrodorsal portion of striatum, where
the density of [*H]IICh-3 binding sites was higher. This zesult is consistent with

the increase in SDHACU in deafferented striatum after OXI treatment.




In addition, it appears from the results that OXI only acts this way in animals
with impaired cholinergic function. This is in agreement with previous
biochemical experiments showing that OXI restores ACh release in vivo in
striata of decorticated rats and prevents the electroshock- or
scopolamine-induced decrease in brain ACh but has no efect in control animals.

The findings of this study point to the possibility that OXI normalizes basic
cholinergic processes by increasing the availability of choline for ACh synthesis.
The finding that in certain conditions OXI could improve the synthesis of
phospholipids, particularly the phosphatidylcholine pool, proposed as a
“reservoir” for generating choline for the synthesis of ACh speaks in favor of
this hypothesis However, OXI may possibly restore the tone of cholinergic
neurons in deafferented striatum by activation of NMDA receptors. as recently
suggested in the hippocampus. Indeed the corticostriatal pathway uses glutamate
as putative neurotransmitter which has been shown to increase ACh release tfrom
striatal slices in vitro through NMDA-type receptors possibly located on the
cholinergic cell. Therefore, the direct or indirect activation of NMDA receptors
by OXI could normalize the activity of cholinergic interneurons in deafterented

striata.

it. Effect of frontal decortication on muscarinic receptor subtypes

in striatum

The impairment of ACh relcase in_vivo as a result of the loss of the
excitatory corticostriatal pathway could cause understimulation of cholinergic
receptors in the striatum, and as an adaptation to this, an up regulation of
muscarinic acetylcholine receptors (mAChRs). It was thus firstly examined
whether frontal decortication caused changes in the number (Bmax) or affinity

(Kd) of muscarinic receptors, using as 1adioligand N-methylscopolamine



[FH)NMS], a quaternary muscarinic antagonist that does not discriminate
between the muscarinic receptor subtypes. Saturation curves of CH)NMS were
determined as described by Giraldo et al., 1987. It was found that both the Bmax
and the Kd do not change 14 days after decortication (Table 2).

In general muscarinic receptors are classified as neuronal M1 [high affinity
for pirenzepine (PZ)], cardiac M2 (low affinity for PZ / high affinity for
AF-DX 116) and glandular M3 (low aflinity for both PZ and AF-DX 116). It
has been shown that rat striatum contains about 30% of the M1 subtype and
about 70% of the M3 subtype and it seems to be devoid of the M2 type (Giraldo
at al, 1987). In order to examine whether frontal decortication caused changes
in the percentages of the muscarinic receptor subtypes known to be present in the
striatum, competition experiments against C1HNMS  were done using the
selective antagonists PZ and AF-DX 116, Binding curves were derived indirectly
from competition experiments against 0.35nM CHHNMS and 0.5 I PZ as
already described by Giraldo at al.. 1987,

The inhibition curves generated by PZ in displacing CHHNMS from specitic
muscarinic receptors sites in the striatum  of sham and DC rats were shatlow
with an nH significantly less than one, and the data points fitted best to a two
binding site model. indicating the presence of two major popuiations of
receptors. One receptor population (M1 sites), amounting 1o 35% of total

receptors, bound PZ with hich attfinity (K ,. 35 nM) whereas second and major
I B Y U8y )

(65%) population of sites bound with low atfinity (K. 386 nM) both in
sham-operated and in DC rats (Table 3). From the binding experiments with PZ
alone, the nature of second receptor population cannot be more precisely defined
since P7Z does not discriminate between the M2 and M3 low affinity binding

sites. Therefore, we did competition experiments with the novel antimuscarinic




PZ analog, AF-DX 116 in sham and DC rats. AF-DX 116/ CH)NMS
competition experiments in the striatal membrane preparation of both groups
generated a steep curve with nH not significantly different from unity suggesting
that AF-DX 116 bound to a uniform population of sites with low affinity (M3
sites). The atfinity constants, 1.1 and 1.2 uM for sham and DC rats respectively,
fell within a range similar to the K value. 2.9 uM, shown for the glandular M3
(Table 4). Based on these findings we can conclude that the percentages of the
MAChR  subtypes. M1 and M3, present in the striatum were similar in sham

operated and DC rats.

iii. Effect of frontal decortication on the agonist binding to

muscarinic receptors in striatum

It is well accepted that in brain and in heart the high affinity states of the
MACHR result from interaction with G protems (Nathanse, 1987). Indeed. the
guanyl nucleotide GTP and the phosphohvdrolase resistant analogue,
Gpp(NH)p,which uncouple G proteins from the receptors have been
demonstrated to modulate the binding affinity tor the muscarinic choline: zic
agonists in the heart and cortex (Rosenberger at al 1979). 1t was thus examine
whether frontal decortication caused changes in the Gpp(NH)p modulation of the
binding affinity tor the muscarinic cholinergic agonist, oxotremorine (OTNMN)
in the striatum (Table 5).

OTMN /(‘H)l-quinuclidiny] benzilate (QNB) competition urves from
striatal membrane preparations of sham operated and DC rats were obtained in
the absence and presence of 100 uM Gpp(NIDp by using concentrations of the
agonist from InM to 300 uM. In the absence of Gpp(NH)p, the data points

differed significantly from the theoretical curve in both groups with nH being




less than unity: 0.67 + 0.08 oM p<0.01 (sham-operated group) and 0.61 £ 0.05
nM p<0.01 (DC group). Computer analysis of the curves from sham and DC
striata show. d the existence of two receptor affinity states : in shain siriata
OTMN dispacea 16.2 + 0.51% witt. high affinity [IC, ;= 14 +1.2 nM] and
S121.1% with low affinity [IC = 5.6 = 0.5 uM] in sham striata whereas in DC
striata it bound 14.3 £ 3.3% of receptors with high affinity [ 1C, 13.0£1.01]
and 83,9 + 424 with low attirity 1.3+ 0.1 uM] were found in DC striata. The
addition of 0.2 mM Gop(NiDp and 10 mM Mg te. the incubation medium
resulted in a almost complere conversion of the mAChRs that OTMN recognized

with high affinity to a low affinity state: 96.2 4 2.9% witha 1C | of 3.3 £ 0.28

WA m sham and 946 £ 0.37% with 1C_ 3.0+ 0.01 M in DC stristas In both
cases the ol was 093 =0.02,
These data demoastrate that the GTP regulatory function at muscarinic

receplors inrat striatum does not change wfter decortication,

iv. Effect of frontal decertication on signal transduction at
postsynaptic cell sites: measurement of (*Hy inositol-phosphate

accumulation

Receptor binding studies can deteet changes in the characteristios (B o

and s Ky ot the mAChRs, but they cannot vicld any information on receptor
function, e, whether the reaction ot the agonist with the receptor leads to a
normal oy aliered biochemical response. Itas well accepted that ACh or the
cholinomimetic drugs, acting at muscarinic receptors in the striatun, inhibit

adenvlate cyvclase. stimulate ¢GMP synthesis and celicit phosphoinositide (PI)
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breakdown. Thus, we have investigated whether frontal decortication affected
the transduction mechanism coupled to muscarinic receptors in the striatum at
the postsynaptic level, i.e the activation of phosphoinositide turnover (FI)
induced by the muscarinic agonist carbachol (CARB). In additien, since
glutamate is the putative neurotransmitter in the corticostriatal pathway, we have
also investigated the lesion effects on the activation of Pi turnover by the
2lutamatergic agonist, ibotenic acid /1BO).

Effect aof frontal decortication «n phospeinositide turnover
stimulate:” by CAR in striatum: The accumulation of
(‘tD-inositol-phosphates [(CH)InsPs] was determined according to the method of
Brown et al 1984, in tissue miniprisms {from striata of DC and sham-operated
rats. Fig. 2 shows the dose-response effect of CARB on ('IDInsPs accumulation
in miniprisms from lesioned and sham-operated animals. In sham-striata
CARB-stimulated Pl turmover in a concentration-dependent manner (fuM
-1mM). Formation of CI)InsPs was about 200 % above control values at TuM
CARB and the maximal effect, about 600% was achieved at T mM wien the
plaicau was reached. The EC, ) is 1.3 x [0 4 43, As shown in the figure, we
did ot tind any change in the response of DC rots at any of the doses studied.
Effect of frontal decortication on phosphoinositidc turnover
stimulatea by IBO: The cttect of 2C lesion on PL turnover stimulated by
IBO. an excitatory amino wcid which mimics the eftect of glutamate, was
cexamined (Fig. 3). In miniprisms from striata of sham-operated rats the
stimulation of CIHInsPs accumulation induced by 1BO was 80% and 905 at 100
uM and 1nM, respectively, while in DC miniprisms the effect was  alrcady
evident (25%) at 10 1M of the agonist and the maximal effect. about 350% was
achieved at TmiM. The enhancement of IBO stimulation in DC striata is very

likely caused by glutamate receptor supersensitivity induced by the removal of
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the glutamatergic input, as previously observed (Nicoletti at al., 1987). Fuither
experiments are in progress to analyze the effe~is of decortication on other

signal transduction mechanisms coupled to mAChRs in the striatum.

2. Behavioral Effects of Frontal Decortication

In previous experiments it was found that the necurochemical alterations
observed after disconnecting the basal ganglia from the cortex were accompanied
by marked deticits in active avoidance conditioning and Lashley maze learning.
However, since this lesion also induces a general pattern of behavioral
dismhibition tdecrease of emotionality, increased reactivity to novelty), it was

ditticalt to estabilish whether DC rats have specific memory deticits.

Effect of frontal decortication on spatial learning

In order 1o mvestigate to what extent lesioned animals are impaired in
processing and storing information when submitted to learning problems. we
examined their acquisition rate in the radial maze, a complex special learning
task (preliminary data were given in Report of April, 1990,

Two groups of rats (bilaterally operated and sham-operated) were tested in
a radial maze consasting of eight identical paths (width 12 ¢m: length 60 con
radiating from an ociogonal plattorm. For three consecutive days, cach rat was
placed on the central platform and allowed to explore the maze in which a large
amount of food pellets had been placed. On the dth day. the actual procedure
started. For ten conseceutive datly trials, cach rat was placed on the central

plattorm and allowed to make cight runs, with all the paths previously baited.
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Three dependent variables were recorded: (1) the mean number of unrepeated
path choices out of eight, (2) the rank of occurrence of the first error, (3) the
degree of divergence of the sequence of runs. The results were statistically
evaluated by one-way ANOVA for repeated measures. There was an increase of
performance in sham-operated as well as in lesioned rats as learning proceeded
(Fig. 4), but the number of correct path choices were less frequent [significant
lesion effect, F(1,24)= 21.70 p>0.001] in lesioned than in sham-operated animals
(Fig.4 A) and the first error occurred earlier [F(1,24)=15.57.p> 0.0006} (Fig.4
B). Differences were also observed in the maze runiing strategies (MRS) which
were significantly more divergent [significant lesion effect. F(1.24)=11.6.
p>0.002] in lesioned than in sham-operated rats (Fig.4 C).

As in simpler tasks, disconnecting the cortex from the basal ganglia
significantly impaired performance in the radial maze. Interestingly, the lesioned
rats not only made a larger number of errors in this task but also displayed very
ditferent MRS. Control rats tended to visit adjacent paths consecutively,
whereas lesioned rats alternated their choices in an apparently arbitrary manner.
It can thus be assumed that the mapping operations resulting from their different
exploratory strategies will lead to different representations of their experimental
environment, making for poor spatial memory.

However, the higher degree of divergence displayed by lesioned rats in running
the maze is similar to that observed in animals with damage to the
septo-hippocampal pathway, the main cholinergic input to the hippocampus.
Important behavioral impairment has also been observed in rats lesioned in the
nucleus basalis magnocellularis, source of cholinergic innervation to the cerebral

cortex (Olton and Wenk 1987,
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3. Effect of Neurotoxin-induced Lesions of Cortical

Afferents

Since the mechanical disconnection used in this study also damages the
cholinergic projections from the nucleus basalis to the frontal cortex, it scemed
necessary to check to what extent the behavioral aiterations observed depended
on the interruption of this particular pathway, or were due to the more complete
disconnection of the basal forebrain from the cortex. We compared the
behavioral and biochemical effects of specific chemical lesions of the nucleus

basalis magnocellularis (NBM) with the frontal decortication.

i. Effect of ibotenic and quisqualic lesions on spatial learning

Ibotenic and quisqualic lesions were made. Equitensin (1% pentobarbital. 49
chloral hydrate) anesthetized rats were bilaterallly lesioned in the NBM by
stereotaxic microinjections (4 x (.75 mi for each hemisphere) of ibotenic (IBO:
35 mM) or quisqualic (QUIS: 50 mM) acid (coordinates: 1.3 mm posterior to
bregma. 2.5 mm lateral to midline. 6.5 and 7.2 mm below dura). In
sham-operated animals, the skull was opened. but no lesion was made. The
experiments were done 7 and 14 days after IBO or QUIS lesion, respectively.

Two groups of rats bearing these lesions and their respective controls were
tested 1n a radial maze as previously described, for ten consecutive daily trials.
Rats from the IBO and QUIS groups did not differ from SHAM in the
quantitative aspects of performance (Fig. 5). The number of correct choices and
the rank of occurrence of the first error were similar in the three groups.
However, differences in the organization of MRS were observed for lesioned and

control groups. MRS were less divergent in IBO and QUIS than in SHAM
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[F(2.45) = 6.25, p> 0.004], the main modification being in the IBO group which
differs significantly from QUIS and SHAM (Newman-Keuls pairwise
comparisons, p> 0.01). No significant difference was found between these two
latter groups.

In conclusion, the behavior of DC rats differs from that of rats of the QUIS
and IBO groups. Decortication drastically impairs spatial leaming and strongly
modifies MRS strategies which mimic those observed in fornix or hippocampus
damaged rats. IBO and QUIS lesions of the nucleus basalis modify MRS but in
the opposite direction {from the DC group. This suggests that striato-cortical
connections other than the projections from nucleus basalis to frontal cortex

participate in the control of spatial learning and organization of MRS.

ii. Effect of ibotenic and guisqualic lesions on ACh release from

frontal cortices in_vivo and choline acetyl transferase activity

Application of IBO to degenerate the baso-cortical cholinergic system
moderately reduced ChAt activity - a marker of cholinergic neuron integrity in
the cortical regions - but it also caused clear behavioral impairment. The NBM
lesion with QUIS, a glutamate receptor subtype agonist, caused a large drop in
ChAt activity in the frontal cortex but less severe behavioral impairment.

We originally assessed cortical cholinergic functions in both conditions and in
DC rats by measuring ACh output by microdialysis. We also measured frontal
cortices ChAt activity in all three groups of lesioned rats (DC, IBO and QUIS).
Extracellular ACh content was measured in frontal cortices of [4-day bilaterally
decorticated and sham-operated rats, using the microdialysis technique. The
results are shown in Fig. 6. ACh levels in the 20 min perfusate samples are

uncorrected for the recovery which was 50% for a probe 8.0 mm long. The
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ACh output was constant over at least 200 min in the sham-operated and DC rats.
The average ACh content in the perfusate was 6.0 £ 0.1 pmol/20 min in the
sham-operated and 2.5 + 0.1 pmo}/20 min in DC with a significant (p<0.01)
decrease of about 60%. Fig. 7 shows the effect on ACh release from frontal
cortices of bilateral NBM lesioned rats induced by ibotenic IBO or QUIS
compared to sham-operated rats. ACh output was constant over at least 200 min
in the three groups but while the average ACh content in the perfusate of IBO
(5.4 £ 0.1 pmol/20 min) was similar to that of sham-operated rats (5.7 % 0.1
pmol/20 min), in the QUIS the cortical ACh output was significantly (p<0.01)
lowered. to 3.2 £ (0.1, a decrease of about 40%. Our results indicate that there is
a loss of cortical ACh release in vivo in the DC and in the QUIS rats, but not in
the IBO ones.

To mvestigate this point further. we measured ChAt activity in the frontal
cortex and in hippocampus of the lesioned and sham-operated rats (Table 6).
Neither decortication nor NBM [esions affected hippocampal ChAt activity,
underlining the specific involvement of cholinergic cortical function. NBM
lesions induced by IBO or QUIS reduced cortical ChAt activity by about 30¢
and 40%. respectively, while decortication had no effect. The different decreases
in cortical ChAt activity induced by IBO or QUIS correlates well with their
different effects on cortical ACh release in_vivo. while the absence of
modification of cortical ChAt activity observed in DC rats and the marked
impairment of cortical ACh release needs to be clarified.

In summary, our findings show that the decrease of cortical ACh release in
vivo observed in the DC and QUIS groups is correlated with a reduction of
cortical ChAt activity only in the QUIS rats. The 1BO lesion did not alter ACh
output from frontal cortices and reduced cortical ChAt activity less than the
lesion induced by QUIS.

The differences in ACh release in the IBO and QUIS groups do not correlate

PR W
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with any behavioral alterations since (1) IBO, QUIS and SHAM radial maze
performances were similar and (2) MRS differed for IBO and SHAM in spite of
their similar rate of ACh release. It seems, therefore, that cholinergic depletion
in the frontal cortex does not by itself represent a specific marker either for
spatial learning deficits or for MRS alterations. Probably, a reduction of ACh
release in the frontal cortex associated with particular alterations of other
neurotransmitter systems would correlate better with specific patterns of

behavioral deficits.
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Data analysis

The binding data were computer analyzed with a non linear least squares
regression program for single or multiple independent binding site models. The
sura of squares errors from data fitting was then statistically compared between
models to determine best fit. The hill coefficient (nH) was calculated by linear
regression analysis and assessed for statistically significant deviation from unity
(Student's t-test).

The EC,, was determined by an ALLFIT program, using four parameter
logistic functions.

The results of behavioral experiments were statistically evaluated by a one
way ANOVA for repeated measures

— e e e
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Table 6. Effect of neurotoxin-induced lesions in NBM and of
deafferentation of frontal cortex on ChAT activity in rat cortex and
hippocampus

FRONTAL CORTEX HIPPOCAMPUS

ChAt
(umoli/h/gP)

SHAM 27.3 £ 1.3 241 = 4.8
LES-QUIS 16.4 = 2.8% 27.7 = 1.8
SHAM 33.8 = 5.2 22,1 = 1.0
LES-IBO 231 + 6.7%* 249 = 3.6
SHAM 189 = 1.8 209 + 1.4
DECORTICATED 210 = 3.7 19.7 = 3.6

The data are the means = S.E. of two experiments. *p<0.01, **p<0.03
vs Sham group: Student's t test,
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Decrease in [*HJhemicholinium binding to high-affinity choline uptake
sites in deafferented striatum: restoration by oxiracetam

Gianl uigi Forloni, Nadia Angeretti, Daniela Amorcso, Antonio Addis and Silvana Coneole

Istituter di Ricerche Farnuacologrche “Murio Neere” Milan (fraly)
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Frontal corneal deafferentation of the rat striatum reduces the tone ol striatal chohnergic neurons. We used biochemical and autaradiographic
techmques to investigate whether the [ ‘Hiremicholiniam-3 ¢ ‘H]JHCh-3) binding 1o sodium-dependent high-atfinity choline uptake sites was
mflucnced by this lesion. Frontal deafferentation produced 4 reduction of about 0% i the aumber of ['H]HCH-3 binding sites (8,00 m
striatum. with ao significant changes 1 the binding affinity (K). Autoradiography showed a signiticant reduction of |"HPHCh-3 inding sites
m the anteromedial portion of the striatum, but aot in the postertor part of trontal deatferented rats. Oxiracetam (100 mg/hg). 4 nootropic
drug. dut ot affect the distribution of {'H]JHCh-3 binding sites in shameoperated rits but campletely overcame the reduction in the number

ol | HIHCh-? binding sites in deatterented stratum

Hemicholimum s a potent. reversible inhibitor of
sodium-dependent high-affinity chohne uptake™ (SD-
HACU), a rate-hmiting step i acetylcholine (ACh)
sathesis™. The avaitability of [*H]hemicholinium (| ‘HJ-
HCh-3) has permitted  the development of a ligand-
binding method to label the SDHACU sites!” ™, Previous
studies have documented a close correlation between the
regional distribution of ['H]HCh-3 binding to crude
membrane preparation and the choline acetvltransferase
(ChAT) activity™. Changes in ['HJHCh-3 binding site
density have been observed as a consequence of phur-
macological manipulation in vivo'' and in vitro™. con-
sistent with the alteration of cholinergic neuron activity.
The association of [‘HJHCh-3 binding sites with the
chonnergic terminals has been further proved by the
autoradiographic technigue. In this context the distribu-
tion of [ 'H{HCh-3 binding sites in central nervous system
corrclates significantly  with the  immunocytochemical
distribution of ChAT and the histochemical distribution
ot acetvicholinesterase, the two classical presynaptic
markers of the cholinergic system” ',

Removal of excitatory  corticostnatal  afferents by
cortical ablation or undercut resulted in a reduction of
the basic chohnergic activity in the striatum as reflected
by the decrease of ACh turnover™ -, ACh release in
vivo™ and SDHACU?". However, even when their activ-
iy s depressed, the striatal cholinergic interneurons
remain potentrally functional and capable of responding
to certain stimuli®. Choline. a precursor of ACh. or

oxiracetam (OX1). a second generation nootropic Jrug
the 2-pyvrrolidinenone class whose therapeutic value s
currently being investigated'. were reported 1o restore
cholinergic biochemical actwvity in decorticated rats. The
deafterented striatum constituted an interesting model
for testing whether the ['HJHCh-3 binding can reflect
changes n cholinergic function induced by altered phys-
1ological equilibrium of intact cholinergic neurons rather
than dramatic changes of cholinergic acuvity induced by
drugs or lesions' ™"

In this study. we used biochemical and autoradio-
graphic techniques to investigate [ 'HJHCh-3 binding to
SDHACU sites in rat striatum after monolateral or
bilateral chronic deafferentation. We also investigated
whether OX1 altered the autoradiographic distribution of
[*H]HCh-3 binding sites in sham-operated and frontal
deatferented rats.

Femate Spraguc-Dawley rats (CD/COBS. Charles
River. Ttaly) weighing 200-250 g were used. Monolaterat
and bilateral frontal deafferentation was done under
cther anesthesia by undercutting the cortex with a thin
glass knife fashioned from a cover ship. as described by
Consolo ¢t al.”. In sham-operated animals, the skull was
opened but no lesion was made. The experiments were
done 14 days after the lesion. The extent of damage to
the corticostriatal pathway induced by the undercut was
assessed in randomly selected groups of 4 animals per
experiment, by measuring the uptake of [ 'Hlglutamate in
crude homogenate preparations®. When [‘H]glutamate

Correspondence G -1 Forloni, bstituto di Ricerche Farmacologiche "Mano Negr'. Via Eatrea 62, 20157 Milano, Italy

PONA-KID 10303 S0 @) 1990 Elsevier Science Publishers BV, {Biomedical Division)




TABLE 1

Eftect of fromal deafferentanon on ['HIHCh-3 binding 0 the
sodwm-dependent high-affuniy choline uptake (SDHACU) sites in
striatal membranes

T'he data are the means 2 S.E.M. of 3-6 determinations. *P < (.01,
Student’s f-test. Rats were killed two weeks after bilateral deafferen-
tation. Purameters derived from “non-linear fitting” analysis of the
saturabion curnves (1-23 aMy.

Shum-operated  Deafferenied

B (fmol me Py 17

aan

Va0 120
K, (nM) 7241

+
7 73z

uptake was approximately halved the lesion was effee-
tive. .

[THIHCh-3 binding assay. The rats were killed by
decapitation, striata and hippocampi were dissected and
crude membranes obtained by sonication were centri-
fuged at 20,000 g for 15 min at 4 °C. The resulting pellets
were washed twice then resuspended in glyeylglyeine
bufter pH 7.8 to vicld o final concentration between 200
and 800 ggemi. used in the binding assay. The binding of
PHIHCH-2 (NEN. ULS AL 147 Ciymmol: 1-23 nM) was
performed as described by Sandberg and Coyle!'. with
minor moditications. Washed crude membrane prepara-
tions were incubuted at 23 °C for 30 min. incubations
were terminated by vacuum filtration with a Brandel Cell
Harvester over glass fiber filters (Schleicher and Schuell
No. 32} previously soaked in o 037 {(viv) agueous
solution of polyethylencimine to reduce the binding of
["H]HCh-3 to filters. Non-specific binding was defined as
binding in the presence of 1 uM untabelled HCh-3.

Autoradiography. The rats were decapitated and the
whole briain was removed and rapidly frozen i N-
pentane at =20 to =25 “C. Coronal and sagittai sections
were cut at =20 °C in a cryostat and thaw-mounted onto
acid-cleaned gelatin-coated slides. The slides were incu-
bated with 10 oM ['H|HCh-3 for 30 min at room
temperature in 50 mM  glveylglyeine buffer pH 7.8
contamming 200 mM NaCl. Non-specific binding was
determined in adjacent sections processed in the same
manner except that 10 4 M unlabelled HCh-3 was added
to the ncubation medium. After desiccation, the slides
were exposed  to tritium-sensitive  film Hyperfilm’
(Amersham, U.K.) for 4 weeks and developed using the
standard technique; tritiated microscales (Amersham)
were coexposed. Quantitative autoradiographic analysis
was done with a RAS 3000 Image Analysis System (Loats
Svstem, U.S.A).

Table I shows the effect of frontal deafferentation on
[*H]HCh-3 binding parameters. The lesion reduced the
[*HJHCh-3 binding sites (B,,.,) in striatum of about 30%
with no change in the affinity (K,). This effect is

157

consistent with the general depression of cholinergic
striatal activity observed after interruption of the corti-
costriatal puthway”. Neither binding parameter of J- af-
ferented rats was modified i ihe hippocampal region
(data not shown). indicating the region specificity of the
phenomenon

The effect of frontal deafferentation on [PHJHCh-3
binding sites was investigated in a4 neuroanatomical

Fig. 1. Autoradiograms with [ *H]HCh-3 binding site distribution in
sagittal {A) and coronal (B) sections of sham-operated and coronal
section of deafferented rat (C). The signal (white) was high in
caudate-putamen (¢p) with & mediolateral gradient. olfactory
tubercle (tu) accumbens (ac) and dentate gyrus (dg). medium in the
supernior layers ot cortex (¢x). the pyramidal layer of hippocampus
(h) and the habenula (ha). Note the absence of signal (black) in the
anterior commensure (an). In cerebellum (cb) the high signal
appears fargely due 10 a non-specilic binding  as  previously
demonstrated'. In C note the reduction of autoradiographic signal
in deafferented stnata (cp)i 0 contrast the signal in offactory
tubercle (tu) appears unchanged
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IABLE 1T

Fttect of frontal deaffereniation on the | vH/Il( h-3 binding in striatum
and accumbens—olfactory nbercle determined by autoradiography

The data are the means + S.E M. of 4-5 rats (3-4 sections per
bramn). *P < 0.01, Student's t-test. Rats were killed two weeks after
frontyl bilateral deafferentation. One concentration (10 naM) of
{ bt n-3 was used

Binding {‘HIHCh-3ifmolimg P

Sham-operated  Deafferented

Stristum
Anteromedial part 42524 202 29302 1200
Posterior part Hi6 164 2542000
Accumbens-olfactory tubercle 197.0 £ 8.7 1703 £ 239

context by autoradiography technique. Fig. 1 illustrates
the autoradiograms of [?'HJHCh-3 binding in sagittal (A)
and coronal (B) sections. The autoradiographic signal
was high in the striatum. accumbens and dentate gyrus.
intermediate in hippocampus and cerebral cortex and low
i thalamus and hypothalamus. Thas further indicates that
the distribution of ["HJHCh-3 binding sites in rat brain
fits well with the localization of cholinergic terminals ™. as
previously shown by other investigators''™.

Ihe autoradiogram of the [*HJHCh-3 binding distri-
bution m coronal section of bilateral deafferented rat s
dlustrated in Fig. 1C. A substantial decrease of [PHHCh-
3 bending sites was seen inostriata of bilaterally deat-
terented rats compared to the sham-operated rats: no
changes were noted in other structures. A similar
reduction was found 1n striata of untlaterally lesioned rats
tdata not shown). This picture is consistent with the
determination of other cholinergic parametens” and con-
tirms that collateral fibers. described in frontal cortex!”.
did not influence the functional depression of striatal
cholinergic neurons induced by deafferentation.

lable H summuarizes the results of quantitative image
analysis. The absolute vatues of | 'HIHCh-3 binding site

IABLE HI

density obtained by autoradiography appeared different
from the B,,, calculated from the saturaton curve in
homogenate. The slight discrepancy in the binding site
numbers is justified by the different conditions of
evaluation®'?. Bilateral deafferentation produced a de-
crease (32%) in the [PHJHCh-3 binding sites in the
anteromedial portion of the striatum, equivalent to that
observed in equilibrium binding experiments. No changes
were detecied in the posterior part adjacent to the globus
paltidus or in the accumbens—olfactory tubercle region.
Excitatory inputs have been described from the frontal
cortex to these parts™, but apparently they do not
directly modulate the activity of cholinergic neurons.

The autoradiographic distribution of [*H]JHCh-3 bind-
ing sites was quantified in frontal deafferented and
sham-operated rats after intraperitoneal OX) at the
optimal dose of 100 mg/kg on the basis of previous
studies’ and our preliminary investigations (data not
shown). Brain coronal sections, which included the
anteromedial part of the caudate-putamen and the
accumbens-tubercle offactorium region. were analvzed.
In sham-operated ras OX1 did not significanthy alter
[*HJHCh-3 binding in either stristum or accumbens. but
there was a slight increase of the signalin the limbie area.
In deafferented rats. thie nootropic drug overcume the
effect of the lesion and even produced o significant
increase — 155 — in striatal ['HJHCh-3 binding sites
compared to sham-operated antmals. A similar trend was
seen also considering only the faterodorsal portion of
striatum. where the density of [THJHCh-3 binding sites
was higher. This result is consistent with the increase in
SDHACU In deafferented stniatum after OXI treat-
ment”, and provides strong suppaort for the concept that
["HJHCh-3 binding 1< a reliable index of SDHACU
dactvity,

In addition, it appears from the results that QX1 acts
only in ammals with impaired cholinergic function. This
iy in agreement with previous biochemical experiments

Fttectof uaracetam on the [ THIHCR-3 binding distribution i frontal deatferented rar bran determued by awtoradiegraphy

The dataare the means + S EM of 4-5 rats (3 -5 secttons perboa) - 001 9P - GOS v respective sham-operated group, ANOVA (2 x )
testand Tukey'stest The rats were Killed two weeks after frontal bilaterad deatferentanon and 2 b after oxiracetam (OXI1) seastment (10 mg‘hy)

One concentration (10 aM) of | HJHCh-3 was used

Rrain regions [ HIHCH-3 pinding (fmolimg Py
Sham-operated Deufferenied
Strafum
Anteromedial 3614 + 149 WMIR LIS 1
1 aterodorsal 4769 % 205 RUCHIRIR I
Acenmbens olfactory tubercle 724472 2740 4 IR 4

Fiu
(vracetam Deafferented + 0X]
svat 125 ST 2191 178

LEITELI
4727+ 210 SIS0+ 23" il

[ tRL M|
36514292 k32000 0




showing that QNI restores ACh release in vivo in striatay
of decorticated rats™ and prevents the electroshock- or
scopolamine-induced decrease in brain ACh™ but has no
effect in control amimals.

The findings of this study. like those of the previous
one” point to the possibility that OXI normalizes basic
cholinergic processes by ncreasing the availability of
choline for ACh synthesis. In accordance with this
hypothesis is the finding that in certain conditions OX1

could improve the synthesis of phospholipids=. particu-
larly the phosphatidylcholine pool. proposed as a ‘reser-
voir’ for generating choline for the synthesis of ACh™"".
It was reported that ACh can be syathetized from choline
derived from the breakdown of endogenous phospha-
tidvicholine, formed de novo by the stepwise methslation
of phosphatidylethanolamine''. Interestinglv. in deat-
terented strintum, the transmethyvlation pathway s en-
hunced, possibly to sustain the striatal cholinergic activity
depressed by the Tesion™,

However, OX) may posstbly restore the tone of
cholinergic newrons in deafferented striatum by modula-
tion of NMDA receptors, as recently suggested i the

Bekemtem, TW and Woaoten. G B Henucholimum: 3 tinding
stes an rat hpsn o gquantitative suteradiographie studs . Bram
Research, 457 (1US9) 97 108
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hippocampus'”. fodeed the corticostriatal pathway uses
glutamate as putative neurotransmitter™ which has been
shown to increase ACh release from striatal slices in vitro
through NMDA-type receptors possibly located on the
cholinergic cell’”. Therefore the direct or indirect acti-
vation of NMDA receptors by OXI could normalize the
activity of cholinergic interneurons in deafferented
striata,

In conclusion, according to the depression of cholin-
ergic function, both autoradiographic and saturation
binding experiments showed a reduction w the deasity of
[*H]HCh-3 binding sites in deaffercnted stristum. This
reduction was overcome by treatment with OXL. The
restoration experiments with OX1 indicate the possibility
of investigating by autoradiography the functional stage
ot cholinergic nearons in a neuroanatomicul context and
tdentifving the decorticated striatum as a model to test
drugs affecting cholinergic activity.
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